The growing field of metabolomics examines the end products of metabolism, metabolites, to determine physiological processes at a cellular level. Nuclear magnetic resonance (NMR) spectroscopy affords advantages such as noninvasive sample collection, minimal or no sample preparation, and conservation of samples. The objectives of this study were to determine the feasibility of NMR-based metabolomics as a screening tool for evaluating changes in North American black bear (Ursus americanus) metabolism utilizing samples from hunter-killed specimens and to evaluate baseline metabolic profiles for free-ranging black bear. Hepatic samples were collected from 14 legally, hunter-killed black bears. The samples were frozen, homogenized, and extracted. 1 H-NMR spectra were collected and analyzed. Over 30 metabolites were identified, including those involved with protein, lipid, and carbohydrate metabolism. Principal components analysis demonstrated a separation among the bears by general age groups, based on differences in several energy and amino acid biomarkers, as well as lactate. This difference may be due to variation in growth and body composition with age. Samples from hunter-killed bears were suitable for NMR-based metabolomics suggesting the use of these techniques is a practical approach for identifying components of black bear metabolism.
Introduction
The seasonal variability of metabolism in ursids holds great interest and has been studied extensively [1, 2] . The physiology of hibernation is relevant not only to wildlife biologists, but to scientists studying osteoporosis, renal disease, eating disorders, organ transplant medicine, and a wide array of other fields [2] .
The growing field of metabolomics examines the end products of metabolism, metabolites, to provide insight into physiological processes. Nuclear magnetic resonance (NMR) spectroscopy techniques used in metabolomic investigations afford advantages to investigators that include the potential for minimal or noninvasive sample collection, minimal sample preparation, and conservation of samples for other studies [3] . Proton NMR spectroscopy is particularly robust and can be used to quantitatively detect unknown metabolites without prior knowledge of the analytes.
The aim of our study was to determine the feasibility of NMR-based metabolomics as a screening tool for evaluating changes in metabolism in large free-ranging carnivores through the sampling of hunter-killed animals. We used the black bear (Ursus americanus) as our model and evaluated variation between individual metabolic profiles of bears of various size during legal hunts. Spectroscopy. sampled in the field were excluded from further analysis because of insufficient water suppression in their 1-D spectra leaving 12 bears in the study. These 12 bears (9 male and 3 female) had a median age was 9.25 years (Interquartile range (IQR) 4.5-10 years) and their median body weight was 233 kg (IQR 126-252 kg). Due to an error in field data collection, the approximate amount of time between death and sample collection was obtained for only 6 bears and these had a median death to sampling interval of 3 hours (IQR 2-4 hours).
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Results
Signalment data and approximate time to sampling for the 12 bears included in our analysis are listed in Table 1 . Figure 1 shows a representative 1 H-NMR spectrum for the black bear hepatic metabolome. TOCSY and COSY spectra for the same individual are depicted in Figure 2 . This bear was a 3.75-year-old female, weighing 91.6 kg and was sampled approximately 3 h postmortem. This spectrum is considered representative as it shows the majority of the metabolites identified and also has excellent water suppression and shimming; however, all of the spectra obtained were subjectively very similar (Fig. 3) . Table 2 lists the metabolites identified among all samples. Chemical shifts and peak shapes were assigned on the basis of data obtained from the Human Metabolome database [8] . The PCA biplot of components 1 and 2 shows separation of bears by general age class and accounts for 56.3% of the observed variation (Fig. 4) . This differentiation was traced back to energy biomarkers in the older bears and lactate and amino acid biomarkers, such as homoserine, glutamate, and leucine, in the younger bears. A single older bear was the exception to this separation. Based on this PCA, the deviation in this single bear was likely the result of differences in concentration of leucine, isobutyrate, acetate, and glutamate. Each of the small, black dots represents an integrated bin from the NMR spectra overlaid on the PCA plot.
Discussion
Metabolomics using NMR spectroscopy is becoming more prevalent as a valuable research and diagnostic modality [9] [10] [11] [12] . A single, small sample results in vast information about an individual's metabolism, including data on metabolites not examined by routine diagnostic panels [13, 14] . The results of our study, designed to examine the feasibility of using this technology to assess free-ranging animals, show that interpretable spectra can be obtained from hunter-killed bears and supports the use of NMR-based spectroscopy to assess metabolic questions about North American black bear physiology. The application of the methodology to nonlethal sampling of other tissues or biofluids would be expected to open the potential for longitudinal studies to detect shifts in metabolism of black bear associated with a variety of environmental, dietary, and activity factors.
The sampling approach to this preliminary study did not control several potential sources of variability and error that we feel would need to be better controlled for an in-depth assessment of particular metabolic questions. In the processing of samples, we depended on the repeatability of our extraction method to provide us with equivalent samples. Use of dry weights related to total protein content obtained from subsamples partitioned from the liver tissue extracted would refine the comparability of our samples. Of particular concern for metabolomics assessment, the opportunistic nature of the sampling protocol resulted in a wide range in the time interval between death and freezing the hepatic samples. This would be expected to impact the quantitative assessment of individual metabolite concentrations in our samples. This concern, as well as concerns about our cohort size, limited the conclusions we could reliably draw from our results and we elected not to pursue statistical analyses beyond PCA. Individual bears were sampled haphazardly based on access and availability and varied in age, weight, and gender. There were other obvious weaknesses in the sampling design. The bears were assumed to be healthy, but no postmortem pathology evaluations could be performed to confirm this assumption. Nor was any attempt made to evaluate genetic relationships between individual bears. Even though the bears were collected from multiple locations within two counties the possibility of sampling closely related bears in our study cannot be ruled out. The bears sampled may have been hunted with or without the assistance of dogs, which would be expected to affect exertion and thus energetics prior to death. Stomach contents were not available for examination in our study. We expect bears were consuming a natural diet, though running bears off of bait for hunting is legal in North Carolina. Regardless, the diets of these bears undoubtedly varied, as would have the time from last meal to sample collection. An assessment of stomach contents should be considered in future studies of this nature.
Black bear nutrition is known to vary by season, life stage, and geographic locale [15] . Bears have been known to increase their body fat reserves in late autumn on a diet that is rich in fats and carbohydrates [15] . This body fat is crucial to supporting metabolism during hibernation [2, 16, 17] . Glycerol is derived from the lipid and is involved in protein, carbohydrate, and lipid metabolism in hibernating bears [17] . It acts as an active substrate for gluconeogenesis and lipogenesis and is a carbon source for the formation of amino acids [17] . Our 1 H-NMR hepatic metabolomic assessment identified several metabolites related to fatty acid metabolism, despite the decision 1 H- NMR Spectroscopy. to only examine the aqueous fraction of our extraction. These compounds included glycerol, alanine, and homoserine. Assessment of these compounds and potentially the hydrophobic fraction of the extraction could provide a detailed, yet rapid, method of monitoring nutritional status or habitat quality.
The separation pattern by age class observed in the PCA was caused by differences in energy biomarkers (e.g. glucose) in the older bears and lactate and specific amino acids in the younger bears. Previously published black bear metabolism studies have noted differences between seasons, food availability, and reproductive status [16] [17] [18] [19] [20] [21] , but other than reports of different nutrient requirements for growing bears [22] , studies on age differences in metabolism are sparse in the literature. Growth and body composition of the younger bears would contribute to this metabolic separation. Published data suggests young male bears may be underrepresented as breeders and suffer from more frequent bear-inflicted injuries due to social structure [23] . If this is the case, young male bear metabolism would differ from that of dominant, older bears. Alternatively, older males may become exhausted and cease breeding earlier in the season, and therefore increase their post-breeding food intake ahead of younger males [24] . The grouping of older individuals in our study included 6 males, but only 1 female, a sex ratio that does not support detailed assessment of metabolomic differences between the sexes. The amino acid biomarkers we observed related to protein metabolism, which may also differ between the younger and older bears. The two females included in the grouping of young animals may have been metabolically similar to the 3 males, if they had not yet become reproductively mature [25] The separation of animals by age we observed in our data could be related to hunting method (not recorded) and/or individual bear behavior. One of the metabolites found to contribute to the separation based on age that we report was lactate. Lactate is produced during normal metabolism and increases dramatically during strenuous and anaerobic exercise. Younger bears may be more likely to run or climb compared to older animals. Another possibility, inadequately documented by our data, is that these animals may have been hunted using dogs in the chase. Even without this difference, it is possible that a hunter's first shot may have not been immediately successful, resulting in a prolonged chase and kill, contributing to lactate accumulation.
Some metabolites identified within this study were intriguing and offer the potential for expansion of our studies of bear physiology. We found the unconfirmed identification of trigonelline, an alkaloid associated with niacin metabolism in the livers of several species particularly interesting. This compound was once thought to be simply an end product of nicotinamide adenine dinucleotide synthesis pathways, but it has now been shown to function as a stored form of nicotinic acid [26] . It is of particular interest in human diabetes research and has been shown to have protective effects for the liver and kidney and improved glucose and lipid metabolism [27] . Further metabolomic study of this metabolite, and related compounds, could provide new insights into black bear hibernation.
Our study shows that samples from hunter-killed black bears can be used effectively to obtain NMR-based metabolomic data suitable for evaluating North American black bear metabolism. The methods used allowed identification of metabolites associated with protein, lipid, and carbohydrate metabolism, not found on typical clinical pathologic biochemical assays. Application of this approach to tissues and biofluids || 21 obtainable through both lethal and nonlethal sampling in combination with careful attention to cohort construction, offers valuable opportunities to better understand the interactions between bears and their environment.
